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TemplateAbstract In this study molecular imprinting technology was employed to prepare a speciﬁc afﬁnity
sorbent for the resolution of Ephedrine, a chiral drug. The molecularly imprinted polymer (MIP)
was prepared by non-covalent molecular imprinting with either (+) or (-)-Ephedrine ((R*,S*)-2-
(methylamino)-1-phenylpropan-1-ol) as the template. Methacrylic acid and ethylene glycol di-
methacrylate were copolymerized in the presence of the template molecule. The bulk polymerization
was carried out in chloroform with 2,20-azobisisobutyronitrile as the initiator, at 5C and under UV
radiation. The resulting MIP was ground into powders, which were slurry packed into analytical
columns. After removal of template molecules, the MIP-packed columns were found to be effective
for the resolution of (±)-Ephedrine racemates. The separation factor for the enantiomers ranged
between 1.3 and 2.1 when the column was packed with MIP prepared with (+)-Ephedrine as the
template. A separation factor ranging from 1.3 to 2.6 could be achieved from the column packed
with MIP, prepared with (-)-Ephedrine as the template. Although the separation factor was higher
with that previously obtained from reversed-phase column chromatography following
derivatization with a chiral agent, elution peaks were broader due to the heterogeneity of binding
sites on the MIP particles and the possible non-speciﬁc interaction.
ª 2011 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Resolution of the enantiomers is usually carried out by chro-
matography of the racemic mixture on a chiral stationary
phase (CSP), which commonly includes crown ether and sev-
eral types of derivatives of cellulose and amylose. Stationary
phases containing crown ether are particularly useful for the
chiral resolution of amino containing compounds and their
derivatives [1], and carbamates and benzoates of polysaccha-
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ular for the optical resolution of racemic drugs [2]. Also fre-
quently used as CSPs are cyclodextrin [3] and immobilized
proteins such as bovine serum albumin [4] and a-acid glyco-
protein [5]. Petterson and Schill have developed an ion-pair
chromatographic method for the separation of a racemic mix-
ture of various drugs including b-blockers [6]. In their method
a conventional reversed phase is used as the stationary phase.
In this study we describe the use of a molecularly imprinted
polymer (MIP) as the stationary phase for the separation of
racemates. This type of stationary phase can be classiﬁed as
a speciﬁc group of CSP. Molecular imprinting is a promising
technique for the preparation of polymers which possess highly
selective recognition properties and serve as separation media,
especially for chiral molecules. The applications of molecularly
imprinted polymers as separation media in liquid chromatog-
raphy, capillary electrophoresis and capillary electro chroma-
tography for chiral separation have been extensively
reviewed [7–12]. Wulff and Vesper [13] ﬁrst reported the use
of a molecularly imprinted polymer prepared by a covalent ap-
proach for the separation of enantiomers. In their study, the
template 4-nitrophenyl-a-D- mannopyranoside was covalently
linked to a monomer to form 4-nitrophenyl-a-D- mannoside-
2,3,4,6-di-o-(4-vinylphenylboronate), which was then co-poly-
merized with styrene and divinylbenzene. However, non-cova-
lently molecular imprinting has been reported to be a more
direct and ﬂexible approach because of its use of a larger range
of compounds including chiral molecules that can be imprinted
[9]. L-Phenylalanine anilide [14–16], and L-phenylalanine and
its derivatives [17–20] have been extensively used as the tem-
plates. In addition to various racemic amino acid derivatives
[8,21], other chiral drugs, including S-(2)-timolol [22], (S)-na-
proxen [23], (S)- a-methylbenzylamine [24] and (2)-nicotine
[25], [26], have also been used as templates for imprinting.
Methacrylic acid (MAA) has been usually used as the func-
tional monomer. When L-phenylalanine anilide (L-PA) is used
as the template, the carboxyl group of methacrylic acid can
interact with the amino group of L-PA to form hydrogen
bonds and also hydrophilically interact with the C=O bond
in L-PA [14]. In the L-PA molecule there are two benzene
groups involved in forming a complementary shape. Ephed-
rine, a somewhat simpler molecule than L-PA used as the
imprinting template in this study, contains a single amino
group that can interact with MAA and only one benzene
group for shape formation. Ephedrine, a sympathomimetic
amine commonly used as a stimulant, appetite suppressant,
concentration aid, decongestant, and to treat hypotension
associated with anesthesia, is a sympathomimetic drug. It, as
well as its related compounds Phenylephrine, norephedrine
and pseudoephedrine, are adrenergic agents widely used in
the treatment of asthma, ophthalmia, cold and allergies.
Few reports have been published on the chromatographic
resolution of the enantiomers of these adrenergic agents. Nor-
ephedrine (Phenylpropanolamine) has recently been imprinted
and the resultant MIP was used for enantiomer separation in
the thin-layer chromatography (TLC) mode [27]. Phenyleph-
rine, Norephedrine and pseudoephedrine have also been
imprinted and the resultant MIP was used for liquid chroma-
tography of enantiomer separation [28]. Konig and Benecke
[29] synthesized a chiral gas-liquid chromatography stationary
phase and used it in a glass capillary column to separate the
enantiomers of phenylpropanolamine. Gal [30] describes theuse of a reversed phase column for the resolution of the enan-
tiomers of norephedrine. His method is based on the derivati-
zation of analytes with the chiral reagent 2,3,4,6-tetra-O-
acetyl-b-D-glucopyranosyl cyanate (GITC). The separation
factor was, however, very small (1.12). The present paper dem-
onstrates that the chiral resolution can be greatly enhanced by
using the molecularly imprinted polymer as the stationary
phase.2. Materials and methods
2.1. Materials
Methacrylic acid (98%) and ethylene glycol dimethacrylate
(EGDMA, 98%) were obtained from Merck (india) and used
as received. 2,20-Azo-bisisobutyronitrile (AIBN) was obtained
from sigma. Acetone, methanol and acetonitrile were from
Merck India and all of HPLC grade. Chloroform and acetic
acid were from sigma aldrich, while 1R,2S-(+)-Ephedrine
(99%) and 1S,2R-(-)-Ephedrine (99%) were purchased from
Sigma. All chemicals were used without further puriﬁcation.
2.2. Preparation of molecular imprinting stationary phase
The MIP stationary phase was prepared by bulk polymeriza-
tion at a low temperature Brieﬂy, Ephedrine (0.1 g), Metha-
crylic acid (0.23 mL), EGDMA (2.5 mL) and AIBN (0.02 g)
were dissolved in 5 mL of Chloroform in a conical ﬂask. After
degassing and helium purging for 5 min, the ﬂask was sealed
and allowed to polymerize at 5C for 6 Hours under UV
(254 nm, 100 W lamp) irradiation. For each preparation of
MIP, either (+)-Ephedrine or (-)-Ephedrine was used as the
template. Methacrylic acid was used here as the functional
monomer, EGDMA as the cross linking monomer and AIBN
as the free radical initiator. After polymerization, the chloro-
form was removed. The product in the form of a white solid
was dried in a vacuum oven for 12 Hours at room temperature.
The resultant bulk polymer was ﬁnally ground and sieved. The
fraction of particles having an average size ranging from 5 to
10 lm was collected for packing in chromatographic column.
2.3. Liquid chromatography
MIP particles were suspended in methanol by sonication and
then slurry packed into 15 cm X 0.46 cm I.D. stainless steel
columns using an air-driven ﬂuid pump with acetone as the
solvent. The back-pressure for packing was 350 bar. Template
molecules were removed from the columns by continuously
washing with methanol–acetic acid (8:2, v/v) until a stable
baseline was reached. For the HPLC analysis, a 20 ll sample
solution was injected and eluted isocratically at a ﬂow rate
of 0.5 ml/min, using a mixture of water, acetic acid and aceto-
nitrile (2:7:91, v/v) as the mobile phase. The temperature was
kept at 20C. The efﬂuent solution was constantly monitored
by measuring the absorbance at 257 nm. Toluene was used
as the non-retained component for the determination of the
void fraction for each column. Capacity factors (k0- and k0+)
were calculated according to standard chromatographic theory
as k0- = (t--t0)/ t0 and k0+= (t+-t0)/ t0, where t+ and t- are the
retention times of (+)-Ephedrine and (-)-Ephedrine, respec-
tively, and the toluene retention time was used as the retention
S530 K. balamurugan et al.time of the non-retained component, t0 The separation factor
(a) was deﬁned as the ratio of these two capacity factors.
For example, a= k0+ / k0- when the chromatographic column
was packed with MIP prepared by using (+)-Ephedrine as the
template.3. Results and discussion
3.1. Synthesis of stationary phase
To prepare the molecularly imprinted polymer, there should be
interactions between the template molecule and methacrylic
acid functional monomer. These interactions, including elec-
trostatic binding and hydrogen bonding between the amino
and the acid groups, are subject to collapse at elevated temper-
atures. Free radical polymerization was thus carried out at a
very low temperature using UV (254 nm) irradiation. Two
MIPs using (+)-Ephedrine and (-)-Ephedrine as the template
molecules were successfully prepared. On the prepared MIP
stationary phase, methacrylic acid was incorporated as the
host molecule to the template (+)-Ephedrine or (-)-Ephedrine.
Potential interactions for the formation of a complementary
shape for template recognition in the chromatographic process
included electrostatic binding and hydrogen bonding between
the template and methacrylic acid, as shown in Fig. 1.The tem-
plate was dissolved in chloroform, which was the solvent for
MIP polymerization, though a higher chloroform content
could lead to a resultant polymer too soft to use.
3.2. Resolution of enantiomers of Ephedrine
The structure of Ephedrine contains two asymmetric centers.
The compounds of interest are a pair of enantiomers: 1R,2S-
(-)-Ephedrine and 1S,2R-(+)-Ephedrine. Besides hydrogen, a
hydroxyl group and a benzene ring are bound onto C1 of
Ephedrine, while C2 has a methyl and an amino group. The
retention of Ephedrine on the columns packed with MIPs
was mainly based on the contribution of methacrylic acid func-
tionality on the stationary phase. The interaction between the
amino group in MIP and the acid group in the template, and
hydrogen bonding between methacrylic acid and the hydroxyl
group of the template, are thus the most important factors for
the recognition of the template molecule by MIP, and the sep-
aration of the Ephedrine template from its enantiomer. Both
Figs. 2 and 3 indicate that enantiomers of Ephedrine could
be well separated using the MIP made by using either (-)-
Ephedrine or (+)-Ephedrine as the template. After a series
of tests, the composition of the mobile phase to achieve the
best resolution was found to be water–acetic acid–acetonitrile
(2:7:91, v/v). The resolution, as shown in the chromatographic
peaks, was very good. Table 1 indicates that the separation fac-
tor for these enantiomers ranged between 1.3 and 2.1 when the
column was packed with MIP prepared using (+)-Ephedrine
as the template. A separation factor ranging from 1.3 to 2.6
could be achieved from the column packed with MIP prepared
using (-)-Ephedrine as the template (Table 2).
All the values of separation factor obtained in this work are
much greater than the ones reported by Gal [30], who using a
reversed-phase column and a method based on derivatization
with the chiral reagent 2,3,4,6-tetra-O-acetyl-b-D-glucopyran-
osyl isothiocyanate, obtained the resolution of the enantiomersof Ephedrine with a separation factor of 1.12. This difference
demonstrates the advantage of using MIP as the stationary
phase for chiral resolution.
Chromatographic results indicate that the enantiomer of
the template was also retained in the column due to the possi-
ble hydrophilic interaction between the enantiomer and the
methacrylic acid in MIP. The presence of this interaction is
very clear since a polar compound acetone could also be re-
tained in the column with a retention time of 8.0 min. How-
ever, since the MIP did not contribute to the favorable
retention of hydrophobic substances, toluene was thus consid-
ered as the non-retained component. In an imprinting of Na-
protected amino acids and derivatives using methacrylic acid
and EGDMA, respectively as the functional and crosslinking
monomers, Kempe and Mosbach [19] also used toluene as
the void marker.
In comparison with the template, its enantiomer was only
slightly retained in the column by MIP and had a small in-
crease of retention time with sample load. On the contrary,
the retention of the template was strongly dependent on the
sample loading. As shown in Tables 1 and 2, a longer retention
of template molecules was obtained with a heavy sample load
of the mixture. The separation factor was also a function of
sample load. In the column using (-)-Ephedrine as the print
molecule, the selectivity increased monotonously with the
loading of print molecules in the sample, while in the column
using (+)-Ephedrine the observed maximum in separation fac-
tor was present at medium sample loading. A similar ﬁnding
that sample load increased capacity factor and changed selec-
tivity has been previously reported in the system using (-)-nic-
otine as the print molecule [26]. According to Andersson et al.
[26], several mechanisms were likely to be acting in concert,
and they proposed a hypothetical model, suggesting that dif-
ferent template functional monomer complex states are present
and that a gradual increase in analyte concentration shifts the
equilibrium from higher complex toward lower complex states
and consequently causes an increase in chromatographic reten-
tion. Higher order template–template complexes during the
imprinting process and in the eluent could also be present.
The possible presence of template association during polymer-
ization could explain the sample load optimum for enantiomer
resolution that was observed in our study, since the print
molecule was likely to have a larger increase of retention time
with sample load, in comparison with its enantiomer in the
mixture. Although the ﬁnding that the retention factor in-
creased with increasing sample load could be explained by
the published model, it should be noted that this ﬁnding is
the opposite to that generally observed for imprinted
polymers.
In addition to the interactions involving in the recognition,
a weak interaction might involve in the retention of the tem-
plate. Template molecules were strongly retained by the MIP
due to the recognition, and also by the non-speciﬁc weak inter-
action, the latter resulting in a broader peak shape. The non-
speciﬁc binding became more signiﬁcant when the amount of
template in the sample increased. The time to conclude the
chromatography was thus longer and the elution peak became
more tailing. It is believed that the recognition and the non-
speciﬁc interactions were all caused by the methacrylic acid
functionality.
Although the selectivity (shown in Tables 1 and 2) was very
high, the elution of broad peaks with a little tailing was usually
Figure 1 Schematic representation of hypothetical formation of molecularly imprinted polymer and chiral separation, using (-)-Ephedrine
as template Arrows represent potential electrostatic and hydrogen-bonding interactions between methacrylic acid and the template.
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mon in MIP systems [32]. This poor performance could be
attributed to many possible reasons. In addition to the above-
mentioned non-speciﬁc interaction, the heterogeneity of the
adsorbent and relatively high degree of crosslinking could re-
sult in peak spreading and tailing. The high degree of crosslink-
ing needed to capture a speciﬁc arrangement of functional
monomers in MIP can hinder the diffusion of analytes in the
particles, resulting in band spreading [33]. According to a re-
view by Sajonz et al. [34], a heterogeneous population of bind-ing sites formed in the imprinted polymer is usually the result of
a partially incomplete monomer–template association and the
amorphous nature of the polymer structure. The peak asymme-
try could originate from a combination of mass overloading
and slow mass transfer rate that is associated with high energy
binding sites, forming from the higher complexes of template
with functional monomer. The peak broadening observed in
the present work could be caused largely by this heterogeneous
population of imprints with varying complementarity, ranging
from high to low, to the analyte.
Figure 2 Separation of enantiomers of Ephedrine using Molecularly Imprinted Polymer with (-)-Ephedrine as the template.
Concentration of (+)-Ephedrine and (-)-Ephedrine in samples are 1 and 2 mg/mL, respectively, for run A, and 3 and 1 mg/mL,
respectively, for run B.
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the use of MIP particles prepared from the bulk polymeriza-
tion might also contribute to the dispersion in chromato-
graphic peaks as shown in Figs. 2 and 3. The particles that
resulted from this method were irregular in particle shape
and dispersed in particle size distribution. Therefore, ad-
vances on the polymerization technique for the MIP prepara-
tion are needed While the use of a two-phase system for MIP
polymerization (suspension polymerization, for example) can
yield particles in one step [20,35], an example on the resolu-
tion of tert.-butoxycarbonyl D,L-phenylalanine using MIP
prepared by suspension polymerization in a perﬂuorocarbon
liquid shows that the elution peaks are still very dispersed
[35], meaning that there is signiﬁcant room for improvement
in the preparation of imprinted materials. For the practical
application of enantiomer separation, the resolution of peaks
presented in Figs. 2 and 3 needs to be improved by optimiz-
ing the preparation conditions of MIP. For example, the
amounts and types of monomers and cross-linkers, the mass
ratio of template to total amount of monomers and crosslink-
ers, and the volume of solvent should be carefully optimized
[41].
Although Ephedrine is commonly used in a racemic form,
the enantiomers are different from each other in their pharma-
cological actions [38,39]. The resolution of these enantiomers
will be very helpful for studying the pharmacological effect
of each enantiomer [36,37,40]. Despite the dispersion of elutionpeaks, the chromatographic columns prepared in this study
were effective for the quantitative analysis, based on the eval-
uation of peak areas. As shown in Fig. 4, a linear calibration
up to a load of 90 lg of template and its enantiomer in the
sample (20 ll) could be obtained. The slope for (+)-Ephedrine
was slightly larger than that for (-)-Ephedrine, as the former
had a higher purity.
3.3. Inﬂuence of mobile composition on the retention of
Ephedrine
Since the template employed for MIP preparation in this work
has a simple structure, the mobile phase played a very impor-
tant role on the resolution of template and its enantiomer. A
mobile phase containing polar substances was used to weaken
the binding of target (template) molecules and consequently to
release them on the imprinting cavity of the stationary phase.
The mobile phase consisted of HPLC grade water, acetic acid
and acetonitrile. In the absence of water, both template and its
enantiomer were eluted in a single peak by a mobile phase se-
lected from several combinations of acetic acid and acetonitrile
concentrations. Although water must be present in order to
yield resolved peaks, the water concentration did not signiﬁ-
cantly inﬂuence the retention times of the eluted peaks (Table
3).
To investigate the role that acetic acid played on the rec-
ognition and binding of template molecule to MIP, chro-
Figure 3 Separation of enantiomers of Ephedrine using Molecularly Imprinted Polymer with (+)-Ephedrine as the template.
Concentration of (+)-Ephedrine and (-)-Ephedrine in samples are 1 and 2 mg/mL, respectively, for run C, and 8 and 1 mg/mL,
respectively, for run D.
Table 1 Resolution of enantiomers of Ephedrine using MIP with (+)-Ephedrine as the template.
S.No Concentration in sample (mg/mL) Retention Retention time, min, (Capacity factor) a = (k0+/k0-)
(-)-Ephedrine (+)-Ephedrine (-)-Ephedrine(k0-) (+)-Ephedrine(k0+)
1 8 0 2.84(1.6) - -
2 8 1 3.25 (2.0) 3.94 (2.6) 1.3
3 2 1 3.33 (2.0) 4.12(2.7) 1.4
4 1 1 3.25 (2.0) 4.55(3.1) 1.6
5 1 2 3.21 (1.9) 5.07 (3.6) 1.9
6 1 3 3.28 (2.0) 4.80 (3.4) 1.7
7 1 8 3.12(1.8) 5.29 (3.8) 2.1
8 0 8 - 4.02 (3.7) _
Table 2 Resolution of enantiomers of Ephedrine using MIP with (-)-Ephedrine as the template
S.No Concentration in sample (mg/mL) Retention time,min, (Capacity factor) a =(k0- /k0+)
(+)-Ephedrine (-)-Ephedrine (+)-Ephedrine(k0+) (-)-Ephedrine(k0-)
1 8 0 2.8 (1.5) - -
2 8 1 3.1 (1.8) 4.7 (3.3) 1.8
3 2 1 3.2 (1.9) 5.1 (3.6) 1.9
4 1 1 3.3 (2.0) 5.0 (3.5) 1.8
5 1 2 3.1 (1.8) 5.1 (3.6) 2.0
6 1 3 3.2 (1.9) 5.5 (4.0) 2.1
7 1 8 3.2 (1.9) 4.9 (3.5) 1.8
8 0 8 - 5.1(3.6) -
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Figure 4 Peak areas of (+)-Ephedrine and (-)-Ephedrine as functions of sample loading on a column using molecularly imprinted
polymer with (+)-Ephedrine as the template.
Table 3 Effect of acetic acid concentration in the mobile phase on the retention of enantiomers in the column packed with MIP
particles using (-)-Ephedrine as the template.
S.No Mobile phase composition (%v/v) Retention time (min)
Water CH3COOH CH3CN (+)-Ephedrine (-)-Ephedrine
1 2.0 2.0 96.0 5.5 20.8
2 2.0 3.0 95.0 5.0 20.9
3 2.0 4.0 94.0 5.3 15.4
4 2.0 5.0 93.0 5.2 14.0
5 2.0 6.0 92.0 5.0 9.8
6 2.0 7.0 91.0 3.3 5.7
7 1.0 2.0 97.0 5.2 20.6
8 1.5 2.0 96.5 5.3 20.7
9 3.0 5.5 91.5 5.2 9.5
10 5.5 5.5 89.0 5.0 8.8
11 2.0 8.0 90.0 No resolved peaks
S534 K. balamurugan et al.matographic runs were carried out using different acetic acid
content levels in mobile phase with constant fraction of
water (2.0%, v/v) the results shown in Table-3 indicate that
using a higher concentration of acetic acid could signiﬁcantly
reduce the retention of template molecule, while acetic acid
had only a small effect on the non-template enantiomer.
Since acetone, a polar solvent, could be retained in the
MIP columns with a retention time of 7.0 min, it is believed
that acetic acid molecules were likely to bind onto the MIP
and displace the target molecules. The acid group in acetic
acid could interact with the template, in competition with
the immobilized methacrylic acid, and as a result template
molecules ﬁnally eluted out from the column. As the acetic
acid increased up to 8.0% or higher, no resolved peaks were
obtainable. Both the template and its enantiomer were eluted
together out from the column due to the displacement of
acetic acid.
A small amount of water had to be present in the mobile
phase, since the racemates could not be satisfactorily resolved
without water. This allowed the interaction to occur betweenmethacrylic acid and the template. The polar components in
the mobile phase were used to break down the hydrogen bond-
ing and electrostatic binding between the stationary phase and
template molecule. The presence of acetic acid lowered the
strength of the electrostatic interaction between the amine of
Ephedrine and the carboxyl group in the stationary phase.
This electrostatic interaction is the major factor in the recogni-
tion of the target molecule (template) in the MIP. On the col-
umn packed with the MIP using (-)-Ephedrine as the template
molecule, the retention of (+)-Ephedrine was weak due to
mismatching of the complementary shape. However, (-)-
Ephedrine molecule was more strongly retained due to electro-
static interaction. As the concentration of acetic acid increased
to 7.0% (v/v), sharp peaks were obtained and the tailing was
also improved. However, acetic concentrations greater than
this value resulted in a poor resolution of racemates and over-
lapping peaks. The polarity of the acetic acid directly inﬂu-
enced the partition of (-)-Ephedrine in the stationary phase.
A pronounced selectivity for (-)-Ephedrine on the MIP column
was thus evident.
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The increasing demand for optically pure drugs has resulted
in an interest in developing tools for efﬁcient chiral separa-
tion. Since most drugs on the market are asymmetric mole-
cules and administered as racemates. In the present study
we have used a simple molecule, Ephedrine as the template
for the preparation of MIP. Chromatographic columns
packed with those MIP particles were effective for the resolu-
tion of Ephedrine enantiomers. The recognition and binding
of template molecules were based on interactions between
amino and hydroxyl groups of the template and the carboxyl
group of methacrylic acid, a host molecule in the MIP. High-
er values of separation factor obtained in the present work
suggest that non-covalent molecular imprinting is a promising
method for the resolution of chiral compound with a simple
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